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Abstract 
High-strength low-alloy steels used for oil and gas pipelines are vulnerable to intergranular stress 
corrosion cracking in moderately alkaline soils. The mechanism of corrosion-induced embrittlement 
under such conditions is not yet understood. Nanoindentation was used to detect localized degradation 
of mechanical properties near internal grain boundaries of X-70 steel undergoing intergranular corrosion 
at active dissolution potentials at pH 8.2. The measurements identified a one-micron thick mechanically-
degraded layer with 25% reduced hardness near corroded grain boundaries. It is suggested that the 
corrosion process may introduce an active softening agent, possibly non-equilibrium lattice vacancies 
generated by oxidation. 
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1. Introduction 
 
Stress corrosion cracking (SCC) refers to the failure by cracking of normally ductile high-strength alloys 
in a corrosive environment. Stress corrosion cracking is a pervasive concern in energy and transportation 
sectors; for example, it is responsible for about 21% of steel oil and gas pipeline failures [1]. There is 
widespread debate about the mechanism through which corrosion leads to reduction of the fracture 
toughness. Typically, SCC initiates at localized corrosion sites such as pits or grain boundaries (GBs) 
undergoing intergranular corrosion (IGC) [2]. Intergranular stress corrosion cracking (IGSCC) is 
thought to involve localized corrosion-induced mechanical property changes at grain boundaries, such as 
formation of brittle layers or films, or enhanced dislocation motion and nucleation resulting in localized 
plasticity [3-5]. Localized plasticity is frequently attributed to absorption of hydrogen produced by 
cathodic reduction of water accompanying corrosion [5, 6]. The present work concerns "high-pH" 
IGSCC of high-strength low-alloy steels used for pipelines, which occurs in the pH range 8 to 11 in the 
potential region of active steel dissolution [7-10]. Attention is focused on the nature and mechanism of 
material property changes during the early development of intergranular corrosion attack that precedes 
SCC.  
 Localized changes in material properties near grain boundaries are probed effectively by indentation 
measurements. Micro-hardness experiments indicate that segregation of solute atoms at the GBs results 
in either hardened or softened regions compared to the interior of the adjacent grains [11, 12]. 
Nanoindentation has detected a significant increase in the intrinsic hardness of the material near the GBs 
due to dislocation pinning [13-18]. In situ nanoindentation measurements during electrochemical 
exposures of metals at cathodic potentials revealed near-surface softening due to absorbed hydrogen [19, 
20]. However, evidence suggests that embrittlement during high-pH SCC of pipeline steel results from 
anodic dissolution rather than absorbed hydrogen [21, 22]. Hardness decreases in iron undergoing 
anodic corrosion have been detected, and were attributed to softening by vacancies injected during metal 
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dissolution [23]. However, to our knowledge no prior study has measured local corrosion-induced 
material property changes at grain boundaries, which are critically relevant to the mechanism of IGSCC. 
The present communication reports locally resolved ex situ nanoindentation measurements at corroded 
grain boundaries in X70 pipeline steel, in the pH and potential ranges of maximum SCC susceptibility. 
The measurements reveal evidence for degradation of hardness near GBs. These are apparently the first 
observations of local corrosion-induced softening of grain boundaries under conditions associated with 
high SCC susceptibility.  
 
2. Experimental details 
 
The alloy under investigation was a high strength pipeline steel (API 5L X70) with average grain 
size of 5 μm. The major alloying elements are Mn (~ 1.75 wt %), Si (~ 0.45 wt %), and C (~ 0.17 wt %). 
Samples 2 mm in thickness and 18 mm × 18 mm in cross-section were machined from the pipe wall. The 
sample surface was polished with 400, 600, and 1000-grit grinding papers, then cleaned by deionized 
water and ethanol prior to experiments. Electrochemical experiments were performed in a cell with a Pt 
wire counter electrode and Ag/AgCl reference electrode. All reported potentials are relative to the 
Ag/AgCl reference. Naturally aerated 1 M NaHCO3 electrolyte solutions with pH 8.2 were prepared 
from analytical grade reagents and ultra-pure water (resistivity 18.2 MΩ-cm). In corrosion experiments, 
the applied potential was first held at -1.0 V for 5 min to cathodically reduce surface oxide, and then 
stepped to a test potential within the active dissolution peak of the polarization curve.  
After corrosion exposures, the steel samples were polished at a shallow angle from the horizontal to 
expose the near-surface region affected by intergranular corrosion. Quasi-static indentations were 
performed using a Hysitron TI 950 TriboIndenter with 90° cube corner indenter tip under force control 
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with 250 µN peak, thereby limiting the indentation profile to the initial sink-in range [24, 25]. The tip 
radius was about 300 nm, making the whole indent within the spherical tip nose. Accordingly, the 
corresponding process zone under the indenter tip was estimated to be about 500 nm, which was utilized 
as the indent spacing. The intergranular corrosion morphology was characterized by scanning electron 
microscopy (SEM), Focused Ion Beam (FIB) Microscopy (FEI Helios NanoLab DualBeam) and atomic 
force microscopy (AFM) mode of the TriboIndenter system. The thickness of the corrosion product 
layer on the steel surface was measured by a non-contact optical profilometer (Zygo NewView 6300). 
 
3. Results and discussion 
 
 X70 steel is most susceptible to IGSCC at potentials between the current peak for active metal 
dissolution and the passivation potential [21, 22]. Potential sweep experiments at a scan rate of 1 mV/s 
identified the active peak potential to be -0.600 V, and the passivation potential was approximately -
0.400 V. Accordingly, potentiostatic experiments were performed at the intermediate potential of -0.521 
V. Fig. 1(a) shows a typical anodic dissolution current density transient at this potential. The current 
decreased to a minimum at 5 min, then rose to a peak of 0.35 mA/cm2 at 30 min, after which it slowly 
decayed. Microscopic examination revealed scattered corrosion product particles prior to the current 
maximum, while after the maximum a continuous product layer covered the surface. Riley and Sykes 
suggested that current density increases to maxima in similar experiments might be due to initiation and 
spreading of IGC [26]. The current density decay after the maxima is apparently associated with growth 
of the corrosion product layer [27].  Fig.1 (b) shows a SEM image of a shallow angle polished section of 
a sample corroded for 2 hr. Three distinct layers can be identified: a top corrosion product layer, a near-
surface intergranular corrosion layer, and uncorroded base alloy. According to energy dispersive X-ray 
analysis, the corrosion product layer contained Fe, C and O atoms, suggesting that it includes iron 
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hydroxide and possibly carbonates (as the extent of carbon contamination is not clear) [27]. It should be 
noted that dimensions along the vertical direction in Fig. 1(b)–(d) correlate with depth through the 
shallow polishing angle. FIB cross-sections revealed that the thickness of the IGC layer was about 0.9 
μm, indicating that depth in Fig. 1 is magnified by a factor of 1000, the ratio of the apparent IGC layer 
thickness (900 μm) to the true thickness. The IGC morphology at two depths is illustrated in Figs. 1(c) 
and (d). These images reveal white-shaded equiaxed steel grains with IGC attack initiating at triple 
junctions between grains. The corroded steel surface on the grain boundary is covered by a gray-shaded, 
~ 1 μm thick corrosion product layer, which according to EDS consists of iron hydroxide and possibly 
carbonate. Additionally, corrosion has opened central voids or crevices in the grain boundaries between 
the corrosion product layers. In the part of the IGC layer close to the base alloy (Fig. 1(d)), many grain 
boundaries are apparently filled or nearly filled with corrosion product. At intermediate depths in the 
IGC layer (Fig. 1(c)), the crevice width increases while the corrosion product film thickness remains at 
about 1 μm. 
Nanoindentation experiments were carried out to detect degradation of material properties in the 
vicinity of corroded grain boundaries. The indents were arranged along four lines perpendicular to the 
GB and traversing the boundary at different distances from the crevice at a triple junction (Fig. 2(a)). 
Line 1 is close to the crevice, while line 4 intersects the boundary about 1.6 m beyond the crevice. 
Typical load-indentation depth curves are shown in Fig. 2(b) for the indents at distances 0.25 m and 
1.75 m from the GB on line 3. Within the initial elastic part of the loading curve, both curves follow 
Hertzian spherical contact [28], then exhibit incipient of plasticity at different loading levels (marked by 
the displacement bursts). The corresponding indentation hardness, H, and elastic modulus, E, were 
extracted from force-displacement curves (Fig. 2(b)) using the Oliver-Pharr method [29]. Fig. 3 
illustrates the variation of H and E along each line of indentations. The parameters are plotted vs. lateral 
distance to the approximate position of the GB, which is marked by dashed lines in Fig. 2(a) and Fig. 3. 
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We first note a slight difference in the average H and E in the interior of the grain on either side of the 
GB, due to the probable difference in crystallographic orientation between the two grains. The measured 
H values are higher than those for macroscopic bulk measurements, because of the well-known 
phenomenon of indentation size effect [30, 31]. Figure 3(a) shows the variation of H and E on lines 1 
and 2 of Fig. 2(a) near the tip of the crevice. A marked drop in both quantities can be observed 
compared to the grains on either side of the GB. The measured modulus and hardness are about 35 GPa 
and 1.7 GPa respectively. This region likely corresponds to the grain boundary corrosion product, since 
independent measurement of the product layer properties on the exposed steel surface showed 
comparable values of E ≈ 28±8 GPa and H ≈ 1.5±0.4 GPa. The low modulus value is consistent with a 
porous iron oxide; as dense oxide should have a modulus around 200 GPa [32]. The layer with reduced 
E and H extends about 0.7 m on either side of the GB, consistent with the average chemical product 
layer thickness around the GB in Figs. 1(c) and (d). Beyond this domain of low modulus, there is a 
transition zone which extends to a distance of about 1–1.5 m on either side of the GB. The intermediate 
E and H values in the transition zone may result from the combined influences of the adjacent corrosion 
product layer and grain interior.  
Figure 3 (b) shows the variation of H and E along line 3 of Fig. 2(a), where the corrosion crevice 
approaches a tighter, fully closed state. The reduced modulus region is much narrower than those in 
lines 1 and 2, with a thickness of about 0.5 to  0.75 m from either side of the boundary. Note that since 
the grain boundary position marked by the dashed line is only approximate, the grain boundary may 
actually intersect the midpoint of the reduced modulus layer, i.e. at about -0.4 m in Fig. 3(b). This 
position would be consistent with equal product layer thicknesses on each side of grain boundaries 
indicated in Fig. 2. The reduced modulus E is in the range 130 to 170 GPa, similar to that of a dense iron 
oxide [32]. In contrast to the modulus, the hardness distribution shows a significantly wider range of 
reduced H that extends over a distance of about 1.5–1.75 m from either side of the GB. The level of 
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recorded hardness is about 75% that of the interior of the grain. Such a band with reduced hardness, but 
with a modulus consistent with that of the bulk, was quite repeatable for other examined GBs on the 
angle-polished cross-section. In addition, a similar trend was found when examining the top corroded 
surface by direct indentation measurements after removal of the top oxide layer with dilute acetic acid 
solution [33].  
 Finally, Fig. 3(c) shows the variation of H and E along line 4 of Fig. 3(b), which is located further 
along the GB from the corrosion crevice. Within the lateral resolution of the measurements, neither 
distribution in Fig. 3(c) reveals layers with altered properties along the grain boundary. Instead, both E 
and H show sharp transitions between the bulk grain values of E ≈ 198 GPa and H ≈ 5.15 GPa for the 
grain on the left side to E ≈ 180 GPa and H ≈ 4.15 GPa in the right-hand grain. Apparently, line 4 is 
beyond the deepest penetration of grain boundary corrosion, resulting in the absence of corrosion 
product or degraded metal layers. Similar trends have been observed on seven measurements of different 
grain boundaries on this sample and on three repeated corrosion experiments, showing the average softer 
layer total thickness of about 2.0 0.25 m. It should be noted that scatter range was dictated by the 
indent separation rather than the stochastic variability of the assessed soft-layer thickness. The average 
reduction of the soft layer hardness was about 23 3.5%  from the reference level of the bulk of the 
grain. Therefore, it is concluded that the micron-wide steel layer with reduced hardness at line 3 is 
associated with the corrosion process. Such a degraded steel layer would not be detectable closer to the 
triple junction (lines 1 and 2), because its indentation response would be masked by that of the thick 
corrosion product. 
Localized plasticity in the reduced hardness layer could result in embrittlement due to dislocation 
pile-up at the outer edge of the plastic zone, in a similar fashion as the hydrogen-induced local plasticity 
(HELP) mechanism for hydrogen embrittlement [5,19,20]. Absorbed hydrogen might not be the 
softening agent in the present corrosion process, however, since SCC susceptibility correlates strongly 
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with anodic steel dissolution and not cathodic hydrogen formation [21, 22]. Degradation of mechanical 
properties can be associated with thin diffusion layers in the metal adjacent to the corroding surface 
[34,35]. Also, anodic dissolution might leave behind clusters of atomic vacancies that diffuse into the 
steel, and have been considered as a driver for softening behavior [23, 36]. Guo et al. showed that 
electrochemical dissolution-induced degradation of iron might be plausibly explained by the generation 
of non-equilibrium vacancies in the subsurface layer, possibly associated with oxidation of reactive 
solute atoms [22]. Molecular dynamics simulation showed that increase of vacancy concentration can 
lead to decrease of the dislocation nucleation load in iron [36]. Despite uncertainty about the precise 
degradation mechanism, the observed corrosion-induced grain boundary softening is mechanistically 
relevant to stress corrosion cracking, as it occurs in the potential and pH range of highest susceptibility 
of X70 steel to IGSCC.  
In summary, the present nanoindentation measurements show that corrosion of X70 steel in pH 8.2 at 
active dissolution potentials results in a mechanically degraded layer near internal surfaces of corroded 
grain boundaries. Nanoindentation revealed about 25% drop in hardness in the degraded layer, with no 
measureable change in the elastic modulus. It is suggested that a softening agent produced during 
corrosion at grain boundaries may account for reduction of dislocation barriers, such as non-equilibrium 
vacancies injected by oxidation. These findings provide a possible mechanism of corrosion-induced 
steel embrittlement during the early stages of intergranular stress corrosion cracking. 
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List of Figures 
 
Figure 1: (a) Anodic current density transient at -0.521 V. (b–d) SEM images of shallow angle polished 
section of steel sample after 2 hr corrosion at -0.521 V. 
 
Figure 2: (a) AFM image in surface gradient mode showing the grain boundary and the locations of the 
imposed lines of nanoimprints. (b) A representative set of force-indentation depth curves for the indents 
on line 3 at distances 0.25 m (blue) and 1.75 m (green) from the GB within grain 1. The dashed line 
shows the Hertzian fit for spherical indenter tip. 
 
 
Figure 3: Variation of hardness H and modulus E across the GB for the indentation lines 1, 2 (a), line 3 
(b), and line 4 (c) in Fig. 2. CP designates corrosion product. 
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Highlights 
• Corrosion induces local degradation of hardness at grain boundaries of X70 steel  
• Degradation is in pH and potential range of stress corrosion cracking susceptibility  
• Observed degradation is a possible mechanism of grain boundary embrittlement  
• Degradation is accompanied by oxide formation at grain boundaries  
• First known observation of corrosion-induced grain boundary softening  
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